AD-753  001 


I  :  * 

DETERMINATION  OF  MOLECULAR  INVARIANTS 
ALPHA'  AND  GAMMA' 

Samuel  Lederman,  et  al  i 

» 

Polytechnic  Institute  of  Brooklyn 


Prepared  for: 

Army  Research  Of f i c e - Du r h a m 
Augu  s  t  1  97  2 


DISTRIBUTED  BY: 


National  Technical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 


5285  Port  Royal  Road,  Springfield  Va.  22151  t 


CONTRACT  NO,  DAMC04-69-C-0077 
ARPA  ORDER  NO.  1442.  AMENDMENT  2 
PROGRAM  CODE  9=30 


DETERMINATION  uF  MOLECULAR  INVARIANTS  a'  AND  y' 

By 

Samuel  Ledermon  and  Edwin  J.  Kawecki 


POLYTECHNIC  INSTITUTE  OF  BROOKLYN 
DEPARTMENT 
of 

AEROSPACE  ENGINEERING 
ond 

APPLIED  MECHANICS 


AUGUST  1972 


PIBAL  flEFOHT  Ufa.  72-26 


Amovto  roB  public  release; 

DIBTRISUTICN  UNLIHITEO. 


/ 


Unclassified 


DOCUMENT  CONTROL  DATA  •  R  &  D 

(Security  (‘/•••liictlion  ot  tit  la,  body  ot  aba  tract  and  Inditing  annotation  muat  bo  ontorod  wh*r^!tojHrarall^ayjor^^^^a»altlad^ 


n*.  REPO*^  JilCURlTY  CLASSIFICATION 

Unclassified 


I  originating  activity  (  Corpora  ta  author) 

Polytechnic  Institute  of  Brooklyn 

|Dept.  of  Aerospace  Eng.  &  Applied  Mechanics 

Route  110,  Farmir.gdale,  New  York  11735 


26,  GROUP 


J  Ml  ►  OPT  TITLE 


DETERMINATION  OF  MOLECULAR  INVARIANTS  a  AND  y' 


4  OEJCRU'TivE  NOTH  (Typa  ol  r a port  and  incluatra  dalam) 


5  au  TmoRiSi  (Flra'i  nama,  mlddla  Initial,  laat  namaj 

Samuel  Lederman 

Edwin  J.  Kawecki 

► 

«  PCPOR  T  OA  TE 

76,  NO.  or  KtFI  , 

August  1972 

8  ; 

_ 

•A  ‘ON  tn  ac  t  OP  gran  T  no 

DAHC04- 69- C- 0077 

*  h.  ppojec  r  no. 

< 

i  ARPA  Order  No.  1442, Amendment 

1  ' 

$  rt  Program  Code  9E30 


M,  ORIGINATOR**  REPORT  NUMSER14I 


PIBAL  Report  No.  72-26 


•6,  OTHER  REPORT  NOI9I  (Any  athar  numbara  that  may  bo  aaalgnad 
thla  raport) 


%  |A  OiS  T  RI*U  T|  JN  STATEMENT 


Approved  for  public  release;  distribution  unlimited. 


II  VJPPLlMtsTARV  NOTfS 


12.  SPONSORING  MILITARY  ACTIVITY 

U.S .  Army  Research  Of f ice-Durham 
Box  CM,  Duke  Station 


j-  Durham,  North  Carolina  27706 

jl  I  .  »K1I»«C  r  | 

I  The  determination  of  the  polarizability  invariants  and  particularly  j 
the  derivatives  of  the  invariants,  the  isotropic  and  anisotropic  parts  j 
a1  and  y\  necessary  for  the  prediction  of  the  Raman  scattered  intensity, 
k  are  considered.  It  is  shown  that  a  simple  method  based  on  the  angular 
!  dependence  of  the  scattered  Raman  intensity  can  be  utilized  to  ob  ain 
[  these  invariants,  provided  the  polarization  of  the  incident  radiation 
|  is  known.! 
ji 


Unclassified 


bctuntv  ClHSMifu'utinn 


DD  ™,.1473 


14. 


Unclassified 

Security  CU»il/ic«tion 


KCV  MONO* 


LINK  A 


LINK  • 


Raman  scattering 
Molecular  invariants 
Depolarization  ratio 
Scattering  intensity 
Angular  dependence 
Refractive  index 


Unclassified 

S*ci'ritv  CU**ific»tion 


DETERMINATION  OF  MOLECULAR  INVARIANTS  a'  AND  y' 


by 


Samuel  Lederman  and  Edwin  J.  Kawecki 


This  research  was  sponsored  by  the  Advanced  Research 
Projects  Agency  of  the  Department  of  Defense  and  was 
monitored  by  the  U.S.  Army  Research  Of f ice-Durham, 
North  Carolina  under  Contract  No.  DAHC04-69-C-0077 . 

Reproduction  in  whole  or  in  part  is  permitted  for 
any  purpose  of  the  United  States  Government. 


POLYTECHNIC  INSTITUTE  OF  BROOKLYN 
Department 
of 

Aerospace  Engineering  and  Applied  Mechanics 
August  1972 

i  PIBAL  Report  No.  72-26 

'It' 

Approved  for  public  release;  distribution  unlimited. 


TABLE  OF  CONTENTS 


Section  Pa(3e 

I  Introduction  1 

II  Theoretical  Background  2 

III  Experimental  Apparatus  8 

IV  Experimental  Procedures  and  Results  8 

V  Conclusions  10 

VI  References  : 


ii 


LIST  OF  ILLUSTRATIONS 


Figure  Page 

1  Coordinate  System  Showing  the  Direction  of 

Laser  Irradiation  and  the  Orientation  of  the 
Viewing  System  I? 

2  Schematic  of  the  Experimental  Apparatus  13 

3  Photographic  Views  of  the  Experimental  Apparatus  14 

4  Plot  of  0  vs.  Ia/7  for  N  and  0  with 

v  yu  2  2 

Vertically  Polarized  Laser  15 

5  Plot  of  0  vs.  Ia/lQn  for  Oxygen  with 

9  yu 

Hu  zontally  Polarized  Laser  16 

6  Plot  of  0  vs.  Ifl/lQn  for  Nitrogen  with 

0  yu 

Horizontally  Polarized  Laser  17 


iii 


LIST  OF  SYMBOLS 


10 

c  velocity  of  light  2.99793(10)  cm/sec. 

-27 

h  Planck's  constant  6„62517(10)  erg. sec. 

I  intensity 

k  Boltzmann's  constant  1.38044(10)  ^  erg/°K 

N  number  of  molecular  scatterers 
T  temperature 

a  isotropic  part  of  the  polarizability  tensor 

a '  spherical  (isotropic)  part  of  the  change  of  tie  polarizability 
Y  anisotropic  part  of  the  polarizability  tensor 

y'  anisotropic  part  of  the  change  of  the  polarizability 

9  angle  of  observation  with  respect  to  the  incident 
M  reduced  mass  of  the  molecule 

v  wave  number 

p  depolarization  ratio 

Subscripts 

h  horizontally  polarized  incident  radiation 

o  incident  value 

s  Stokes  component 

v  vertically  polarized  incident  radiation 

6  angle  between  observation  and  irradiation 

^  perpendicular 

II  parallel 


iv 


I .  INTRODUCTION 


The  Raman  effect  has  been  known  and  utilized  for  almost  a 

half  century  by  chemists  and  physicists  interested  in  molecular 

structures  and  chemical,  physical  thermodynamic  and  crystalo- 

graphic  properties  of  matter;  these  range  from  force  constants, 

composition,  chemical  bonds, isomerism,  electrolytic  dissociation, 

association  to  polymerization,  exchange  interaction,  kinetics 

of  fast  reactions,  structural  symmetry  or  asymmetry,  etc.  In 

the  last  several  years,  spurned  by  the  development  of  high 

power  lasers,  the  application  of  the  Raman  effect,  due  to  its 

1-6 

unique  properties,  has  found  new  fields  of  application 
These  range  from  diagnostics  of  flow  fields  in  fluid  dynamics 
to  the  remote  measurements  and  monitoring  of  air  pollutants, 
from  temperature  measurements  of  reacting  gases  to  concentration 
measurements  of  the  products  of  reactions  and  combustion.  The 
theory  of  the  Raman  effect  and  Raman  spectroscopy  on  a  labora¬ 
tory  level  is  in  a  very  highly  developed  state.  While  the 
molecular  polarizability  invariants  a/  and  necessary  for  the 
calculation  of  the  equivalent  Raman  scattering  cross-sections 

are  tabulated  for  a  number  of  molecules,  in  particular  diatomic 
17  8 

molecules  '  '  ,  there  is  a  vast  number  of  molecules  for  which 
these  invariants  are  not  easily  available.  A  number  of  methods 
have  been  developed  for  the  direct  measurement  of  these 
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invariants  .  Some  of  these  methods  will  be  discussed  in  the 
next  section. 

In  this  work  it  is  shown  that  it  is  possible  to  obtain 
the  polarizability  invariants  a/  and  y '  utilizing  the  angular 
dependence  of  the  scattered  intensity, in  particular  when  one 
has  available  a  primary  illumination  source  of  known  polarization. 

II.  THEORETICAL  BACKGROUND 

As  stated  in  the  Introduction,  a  number  of  methods  are 
available  for  the  determination  of  the  polarizability  invariants. 
These  are  generally  based  on  the  experimental  determination  of 
the  depolarization  ratio  p,  defined  as  the  ratio  of  the  intensity 
of  the  scattered  light  polarized  perpendicular  to  the  xz  plane 
Ij_.  to  that  polarized  parallel  to  this  plane  I  ,  when  the 
incident  light  approaches  along  the  y-axis  and  the  scattered 
light  is  observed  at  right  angles  to  the  y-axis  (Fig.  1) , 


or,  in  other  words,  the  ratio  of  the  scattered  intensity  which 
is  polarized  perpendicular  to  the  polarization  of  the  incident 
radiation  to  the  scattered  intensity  which  is  polarized  parallel 
to  the  polarization  of  the  incident  radiation,  where  all 


2 


measurements  are  made  in  a  direction  perpendicular  to  the 
propagation  direction  of  the  incident  radiation.  When  con¬ 
sidering  the  problem  of  measuring  the  state  of  polarization 
of  Raman  scattered  radiation  by  a  non-oriented  medium  such 
as  a  gas  or  liquid,  one  mu3t  perform  the  averaging  process  over 
all  possible  orientations  of  scattered  radiation.  As  a  result 
of  this  process,  one  arrives  at  two  convenient  parts  of  the 
derivatives  of  the  polarizability  tensor;  the  first  is  the 
isotropic  part  a/,  the  other  is  the  anisotropic  part  v'.  in 
terms  of  a  and  y/,  the  depolarization  ratio  can  be  expressed 


as  follows: 


—  _  I 

PRanan~  45a'* \ly'a 


In  a  similar  fashion,  the  depolarization  ratio  of  Rayleigh 
scattered  radiation  is  given  by 


"Rayleigh  45a2+7yJ 


Frcm  Eqs.  (2)  and  (3)  and  from  a  measurement  of  the  intensity 

ratio  of  I  /i  given  by 
Ram  Ray  J 


Ram  _  45a  's+7  y  '2  .  4 

L,=  "  45as+7y2  '  8nsuv  ' 


and  knowing  the  refractive  index  of  the  given  gas  which  permits 
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the  calculation  of  a  from  tlv  '"elation  n-i=2nNa,  one  can 
obtain  the  polarizability  invariants  a. '  and  y7. 

From  the  definition  of  the  depolarization  ratio,  it  is 
evident  that  at  least  two  measurements  are  necessary  to 
obtain  the  same.  Here  one  can  distinguish  between  two  basic 
experimental  techniques.  One  takes  cognizance  of  the  polariza¬ 
tion  of  the  scattered  radiation;  the  other  does  not.  In  order 
to  take  account  of  the  polarization  of  the  scattered  radiation, 
one  may  proceed  as  follows; 

a)  Or.e  may  use  unpolarized  incident  radiation  and  measure 
the  scattered  radiation  polarized  once  in  one  direction  and 
/hen  polarized  perpendicular  to  the  direction  of  the  first 
measurement. 

b)  One  may  use  incident  radiation  which  is  polarized 
perpendicular  to  the  direction  of  observation,  and  measure 
scattered  radiation  polarized  parallel  to  the  incident  radia¬ 
tion  and  perpendicular  to  the  incident  light  polarization. 

Since  Raman  scattered  radiation  is  net  polarized,  in 
both  the  above  cases,  it  is  necessary  to  utilize  polarizers 
for  the  observation  of  the  scattered  radiation.  This,  of 
course,  complicates  the  experimental  procedure,  and  it  is 
therefore  not  the  best  one  could  hope  for. 

The  other  experimental  method  for  the  depolarization 
ratio  measurement  does  not  provide  for  the  measurement  of 
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the  polarization  of  the  scattered  radiation.  Here,  too,  two 
procedures  are  possible,  one  utilizes  incident  light  polarized 
parallel  and  perpendicular  to  the  observation  direction  and 
measures  the  intensity  of  the  scattered  radiation,  the  ratio 
of  which  is  the  depolarization  ratio  given  by  Eq.  (2) .  In 
the  other  case,  one  uses  incident  radiation  polarized  parallel 
to  the  observation  direction,  and  nonpolarized  incident  light. 
The  ratio  of  both  intensities  again  provides  the  polarization 
ratio.  In  this  case,  however,  p  is  given  by 

While  the  above  procedures  provide  the  required  information 
necessary  to  obtain  the  equivalent  scattering  cross-sections,  it 
is  possible  tc  obtain  the  latter  in  a  much  simpler  way.  One 
could,  for  example,  obtain  the  equivalent  scattering  cross- 
section  of  an  unknown  gaseous  or  liquid  specie  by  comparing  the 
scattered  intensity  to  the  scattered  intensity  of  a  specie  for 
which  the  equivalent  scattering  cross-s.  ction  is  known,  this 
procedure  being  followed  under  the  sair':  conditions  c  illum¬ 
inating  intensity,  f  equency,  pressure,  temperature,  et  This 
procedure  can  provide  information  which  is  sufficient  for  a 
great  number  of  applications.  However,  the  polarizability 
invariants,  and  the  depolarization  ratio  provide  additional 


information  as  to  the  symmetry  of  the  given  molecular  struc¬ 
ture,  the  equivalent  scattering  cross-section,  cannot  provide. 

The  Raman  scattered  intensity  as  a  function  of  the  observa¬ 
tion  angle  8  .nay  be  represented  for  unpolarized  primary  illum¬ 
ination  by 

V  v[l-exp(-hvAT>]  {U5a'a+7v'ai(l+co3»e)+6Y'»sin'e}  (6) 

which  reduces  for  vertically  polarized  light  and  normal  observa¬ 
tion,  i.e.,  normal  to  the  nlane  formed  by  the  polarization 
direction  and  direction  of  propagation  to 


kl  N(v  -v)4 

Ill=  v 1 1- exp ( -h v/aT )  3  ^45a  3  ^ 


(7) 


and  for  Horizontally  polarized  light  to 


kl  N(v  -v)4 

I.  =  — r: - [  (45a  '3+7 y  'z )  cos3  6+6y  '3  sin3  6  ]  ■ 

J.  vll-exp(-hv/kT)  J 


(8) 


The  depolarization  ratio. 


=  “  =  cos3  0+6y '3  sin3  I 
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(45a  a+7y  2) 


(0) 


When  the  angle  of  observation  is  equal  to  tt/2  with 
respect  to  the  direction  of  the  incident  radiation,  Eq.  (9) 


6 


I 


becomes 

6/7  ' 

P  <2 

45/7  ^7a  +  1 

1 

Since  the  symmetrical  part  of  the  polarizability  invariant  a' 

.  ,1 

changes  only  when  the  molecule  is  distorted  in  a  totally  symmet- 

i  ( 

/  ' 
rical  manner,  a  will  be  zero  for  all  vibrations  which  are  not 

1 

in  a  totally  symmetric  specie  and  the  depolarization  ratio  from 
Eq.  (10)  becomes  6/7.  On  the  other  hand,  all  unsymmetrical 
species  will  have  p<6/7  since  a'  will  not  vanish.’  This  feature 
is  of  importance  in  identifying  totally  symmetric  vibrations. 

Returning  now  to  Eqs.  (7)  and  (8),  it  is  evident  that  two 
ratios  can  be  formed.  The  first,  as  given  in  Eql  (9) ,  permits 

I 

the  evaluation  of  the  depolarization  ratio  p,  and  from  it  the 

l 

ratio  a  /y ' -  Tho  second  ratio  can  be  .formed  by  utilizing 
Eq.  (8)  above  and  performing  the  measurements  at  two  different 
angles.  Thus  one  may  obtain 

11  _  Ia.  [(45o/s+7Y^3)cos26i+6y/3  sin2  6i  ] 

12  I o 2  t(45a's+7y's)cos393+6Y/3sins82  ]  ' 

It  is  evident  from  Eq.  (11)  that  knowing  the  angles  of  observa¬ 
tion  and  measuring  the  scattered  radiation  intensity  Ia  and  is , 
the  ratio  a'/y'  can  be  evaluated.  This  method  is  quite  simple 
and  requires  only  a  simple  i.«diation  intensity  measurement. 


(10) 


! 

I 
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III.  EXPERIMENTAL  APPARATUS 


In  order  to  perform  the  measurements  as  indicated  abov;, 
an  apparatus  as  shown  in  Fig.  2  was  utilized.  The  apparatus 
was  essentially  that  of  Ref.  3,  except  that  several  viewing 
ports  were  utilized.  These  were  at  0=45°.  90°,  225°  and 
27Q°,  as  indicated  in  the  figure.  A  photographic  view  of 
the  experimental  arrangement  is  shown  in  Fig.  3.  The  chamber 
could  be  evacuated  and  pressurized  to  several  atmospheres  of 
pressure.  Pressure  and  vacuum  monitoring  instrumentation  /as 
incorporated  in  the  apparatus.  For  a  complete  description. 

Ref.  3  should  be  consulted. 

A  Q- switched  ruby  laser  of  100  megawatt  peak  power  was 
utilized.  Since  the  chamber  was  filled  with  a  known  gas, 
and  therefore  the  expected  Raman  lines  were  known  and  no 
interference  or  overlapping  of  frequencies  was  expected,  narrow 
bandpass  filters  could  be  used  for  these  measurements. 

>  IV.  EXPERIMENTAL  PROCEDURES  AND  RESULT  j 

As  pointed  out  above,  it  is  possible  to  obtain  the  ratio 
of  by  simply  measuring  the  intensity  of  the  scattered 

radiation  at  two  different  angles  of  observation,  provided 
the  incident  illumination  is  polarized  in  the  plane  of  observa¬ 
tion  (horizontally)  and  utilizing  Eq.  (11) . 


8 


To  demonstrate  the  capability  of  this  method,  tests  were 
conducted  utilizing  gases  whose  polarizability  invariants  are 
well-known  and  available  in  the  literature.  These  gases  are 
nitrogen  and  oxygen.  Before,  however,  attempting  to  determine 
the  polarizability  invariants,  a  test  of  the  apparatus  and 
the  polarization  of  the  lasers  was  conducted.  Since  with  the 
laser  polarized  normal  to  the  plane  of  observation,  no  angular 
dependence  is  predicted  (Eq.  (7)),  tests  were  conducted  for 
both  N2  and  02  in  that  mode.  The  results  are  shown  in  Fig.  4, 
wehre  the  intensity  ratio  is  plotted  as  function  of  observa¬ 
tion  angle  normalized  to  the  intensity  at  90°  observation.  It 
is  evident  from  this  figure  that  the  experimental  results 
are  in  good  agreement  with  the  theoretical  predictions,  thus 
verifying  the  experimental  apparatus  and  the  polarization  of 
the  laser. 

Having  confirmed  the  operation  of  the  apparatus  and  the 
polarization  of  the  laser,  tests  were  conducted  for  both  02 
and  Na  with  the  laser  polarized  in  the  plane  of  observation. 
The  scattered  intensity  as  a  function  of  angle  of  observation 
was  obtained  for  both  species.  The  results  for  02  and  Na  are 
shown  in  Figs.  5  ar.d  6,  respectively.  The  data  are  presented 
normalized  to  the  scattered  intensity  at  90°.  In  the  same 
figures  are  also  shown  the  results  as  given  in  Refs.  7  and  8. 
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As  can  be  noted  from  these  figures,  the  data  obtained  in  this 


work  appear  to  agree  reasonably  well  with  those  of  Ref.  7. 

Some  scatter  of  the  data  is  to  be  expected  in  view  of  the 
single  pulse  operation  of  the  laser  and  some  minor  diffi¬ 
culties  in  monitoring  accurately  the  primary  pulse  power 
during  these  experiments. 

a/  s 

In  Table  I,  the  ratio  of  ( — r)  as  obtained  in  this  work 

Y 

and  in  Refs.  7  and  8  are  shown. 

V.  CONCLUSIONS 

In  view  of  the  above  experimental  results,  it  may  be 
concluded  that  the  method  of  obtaining  the  polarizability 
invariants  utilizing  the  angular  dependence  is  capable  of 
providing  reasonably  reliable  data  quickly,  easily  and 
economically,  without  the  need  of  complicated  experimental 
apparatus  and  complicated  procedures. 
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(  )v  -  VERTICALLY  POLARIZED  RADIATION  (Y-Z  PLANE) 

(  )H“  HORIZONTALLY  POLARIZED  RADIATION  (X-Y  PLANE) 


FIG.  I  COORDINATE  SYSTEM  SHOWING  THE 

DIRECTION  OF  LASER  IRRADIATION  AND 
THE  ORIENTATION  OF  THE  VIEWING 
SYSTEM 
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VIEWING  ABSORBTION  CHAMBER 


FIG.  2  SCHEMATIC  OF  THE  EXPERIMENTAL  APPARATUS 


SCATTERING  CHAMBER,  PHOTOMULTIPUER  TUBE 
WITH  SUPPORTING  EQUIPMENT 


LASER  SYSTEM 


FIG.  3  PHOTOGRAPHIC  VIEWS  OF  THE  EXPERIMENTAL 
APPARATUS 
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FIG.  5  PLOT  OF  9  VS.  Ig  /I^  FOR  OXYGEN  WITH  HORIZONTALLY 
POLARIZED  LASER 


FIO.  6  PLOT  OF  8  VS.  Ig  /Ig0  FOR  NITROGEN  WITH  HORIZONTALLY 
POLARIZED  LASER 


